Messenger RNA decay, which is a regulated process intimately linked to translation, begins with the deadenylation of the poly(A) tail at the 3 end. However, the precise mechanism triggering the first step of mRNA decay and its relationship to translation have not been elucidated. Here, we show that the translation termination factor eRF3 mediates mRNA deadenylation and decay in the yeast Saccharomyces cerevisiae. The N-domain of eRF3, which is not necessarily required for translation termination, interacts with the poly(A)-binding protein PABP. When this interaction is blocked by means of deletion or overexpression of the N-domain of eRF3, half-lives of all mRNAs are prolonged. The eRF3 mutant lacking the N-domain is deficient in the poly(A) shortening. Furthermore, the eRF3-mediated mRNA decay requires translation to proceed, especially ribosomal transition through the termination codon. These results indicate that the N-domain of eRF3 mediates mRNA decay by regulating deadenylation in a manner coupled to translation.
quired for poly(A) shortening (3, 4) . PABP prevents mRNA being degraded, because PABP protects the poly(A) tail against deadenylation by binding to it. Recently, mRNA deadenylases specific to poly(A) have been identified in Saccharomyces cerevisiae: Caf1⅐Ccr4 complex (5, 6) and Pan2⅐Pan3 complex (6 -9) . The activity of the latter poly(A) nuclease is dependent on the presence of PABP (7) . Moreover, the processes of mRNA turnover and mRNA translation are interconnected (2) . Here, we show that the translation termination factor eRF3 forms a complex with PABP to initiate mRNA decay by shortening the poly(A) tail. The eRF3-mediated mRNA decay is coupled to the proceeding of translation.
EXPERIMENTAL PROCEDURES
Yeast Strains and Genetic Manipulations-All strains used were in the genetic background of sup35/gst1-1 mutant YK21-02 (MAT␣ gst1-1 his3 trp1 ura3) (10) or MBS (MATa ade2 his3 leu2 trp1 ura3 can1) (11) . SUP35-gene disruption was performed in the YNH10 strain, which had been transformed with pKT-SUP35C. The targeting construct, which consisted of the Candida glabrata HIS3 selection marker and 45-bp flanking homologous sequences for the SUP35 gene, was prepared by PCR (polymerase chain reaction) with Candida glabrata genomic DNA as the template (12) . The synthetic oligonucleotides used were: SUP35dis (5Ј-ACT TGC TCG GAA TAA CAT CTA TAT CTG CCC  ACT AGC AAC ACA CCG ATC TAC GTA CAG TGG) and SUP35dis  (3Ј-ATT ATT GTG TTT GCA TTT ACT TAT GTT TGC AAG AAA TCC  TGA CAA TCT GGC AGC TCG) . After transformation of YNH10 with the targeting construct, the resultant His ϩ transformants were further transformed with YCp-SUP35 or YCp-SUP35⌬N, and pKT-SUP35C was eliminated by negative selection using 5-fluoroorotic acid, to give the SUP35 control strain YNH22 and the SUP35 amino-terminal deleted strain YNH23. Epitope tagging at the carboxyl terminus of the SUP35 or PAB1 gene products was performed by a PCR-based strategy * This work was supported in part by research grants from the "Research for the Future" Program of the Japan Society for the Promotion of Science (JSPS-RFTF 96L00505), the Mitsubishi Foundation, and the Scientific Funds on the Ministry of Education, Culture, Sports, Science, and Technology of Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Each strain derived from YK21-02 was as follows: YNH1 (MATa YCp pKT-CAT), YNH2 (MATa YCp-SUP35 pKT-CAT), YNH3 (MATa
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¶ To whom correspondence should be addressed: Dept. of Physiological Chemistry, Graduate School of Pharmaceutical Sciences, University of Tokyo, Hongo, Tokyo 113-0033, Japan. Tel.: 81-3-5841-4754; Fax: 81-3-5841-4751; E-mail: hoshino@mol.f.u-tokyo.ac.jp. 1 The abbreviations used are: PABP, polyadenylate-binding protein; eRF, eukaryotic releasing factor; CAT, chloramphenicol acetyltransferase; PCR, polymerase chain reaction; dT, deoxythymidine; GST, glutathione S-transferase; HA, human influenza hemagglutinin; UAS, (13) to introduce epitope tags to the chromosomal loci. In brief, the modules with epitope tag sequence, selection marker, and 45-bp flanking homologous sequences for the SUP35 or PAB1 gene were prepared by PCR using pYM2 or pYM6 as the template, and the products were used for transformation of MBS. The synthetic oligonucleotides used were: SUP35tag (5Ј-GGT ACC ACA ATA GCA ATT GGT AAA ATT GTT AAA ATT GCC GAG CGT ACG CTG CAG GTC GAC) and SUP35tag (3Ј-TTA TTG TGT TTG CAT TTA CTT ATG TTT ATG TTT GCA AGA AAT ATC GAT GAA TTC GAG CTC) for the SUP35 gene and PAB1tag (5Ј-GAG TCT TTC AAA AAG GAG CAA GAA CAA CAA ACT GAG CAA GTC CGT ACG CTG CAG GTC GAC and PAB1tag (3Ј-GAT AAG TTT GTT GAA GTA GGG AAG TAG GTG ATT ACA TAG AGC AAT CGA TGA ATT CGA GCT C) for the PAB1 gene. The transformants carrying chromosomally integrated tagged genes were selected on SD-His plate or SD-Trp plate. In the study of mRNA degradation, we used an RNA synthesis inhibitor, thiolutin (a generous gift from Pfizer Inc.), to a final concentration of 4 g/ml. Yeast transformation with plasmid or targeting construct was performed by a standard alkali ion method.
Plasmid Construction-The single-copy plasmids YCp-SUP35 and YCp-SUP35⌬N were derived from pYK807 (10) for the expression of SUP35 corresponding to amino acid residues 1-685 and 258 -685 under the control of its own promoter. For creating GST-fused recombinant Sup35 or its N-domain, the SUP35 genes corresponding to amino acid residues 1-685 and 1-257 were subcloned into pGEX6P1 to give pGEX6P1-SUP35 and pGEX6P1-SUP35N, respectively. For overproducing the N-and C-domain of Sup35, the SUP35 genes corresponding to amino acid residues 1-257 and 258 -685 was subcloned into pKT10 under the GAL1 promoter to give pKT-SUP35N and pKT-SUP35C, respectively. For nonsense suppression analysis, a CAT reporter gene containing the nonsense mutation corresponding to Gln 30 was prepared by a PCR-based strategy and subcolned into pKT10 to give pKT-CATmt and pKT-CAT. To construct luciferase expression vectors with stemloop structure, a synthetic oligonucleotide SL (as described below) was inserted into XhoI site of pKT10 to give pKT-SL. The luciferase gene encoding 550 amino acids was then inserted into PvuII or KpnI site of the pKT-SL, which were 2 bp downstream and 3 bp upstream of the stem-loop structure, to give pKT-SL-Luc and pKT-Luc-SL, respectively. In pKT-Luc-SL, the luciferase gene was in-frame with the stop codon appeared 6 bp downstream of the stem-loop structure. The sequence of the synthetic oligonucleotide SL with a stem-loop structure was: 5Ј-GAT ATC CCG TGG AGG GGC GCG TGG TGG CGG CTG CAG CCG CCA CCA CGC GCC CCT CCA CGG GAT ATC-3Ј. For the transcriptional pulse-chase analysis, a CATmini-reporter gene corresponding to amino acid residues 1-32 of CAT was amplified by PCR and subcloned into YEplac191 to which GAL1 promoter sequence had been introduced, to give YEp-CATmini.
Immunological Analysis-Yeast cells (A 600 ϭ 0.6) were lysed with the buffer A (20 mM HEPES-KOH (pH 7.5), 1 mM EGTA, 5 mM MgCl 2 , 100 mM KCl, and 0.1 mg/ml cycloheximide) using glass beads (Sigma). The extract was treated with 0.5 g/ml RNase A for 10 min at room temperature and mixed with anti-HA affinity matrix (Roche Applied Science), then proteins retained in the matrix were separated by SDSpolyacrylamide gel electrophoresis (12% polyacrylamide gel) and analyzed for the presence of Sup35 by immunoblotting. Myc-tagged Sup35 and HA-tagged Pab1 were detected using 9E10 mAb (Sigma) and 12CA5 mAb (Roche Applied Science), respectively. Immunoblot analysis was carried out using a chemiluminescence substrate: SuperSignal West Femto maximum substrate or SuperSignal West Pico chemiluminescence substrate (Pierce) according to the manufacturer's instruction.
RNA Isolation and Analysis-Total RNA of yeast cells was extracted by a modified hot-phenol method as described below. The equivalent of 10 ml of cell culture (A 600 ϭ 0.8) was collected by centrifugation (15,000 ϫ g for 30 s at 4°C), resuspended in 500 l of NaOAc buffer (50 mM NaOAc (pH 5.0), 10 mM EDTA, and 1% SDS), and lysed at 60°C by the addition of phenol equilibrated with NaOAc buffer. After centrifugation (15,000 ϫ g for 15 min at 20°C), the aqueous phase was extracted again with phenol, twice with chloroform, and precipitated with ethanol. RNase H cleavage of mRNA was carried out in a 40-l reaction mixture containing 10 g of total RNA and 500 ng of oligo(dT) with 0.3 unit of RNase H (Roche Applied Science) in 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl 2 , 1 mM dithiothreitol, and 30 g/ml bovine serum albumin. Following incubation at 30°C for 1 h, RNAs were extracted with phenol-chloroform and precipitated with ethanol. The analysis of mRNA decay was performed by Northern blot using a 1.2% agarose gel as described previously (14), and the amount of mRNA was calculated with a Fuji BAS 1800 bioimaging analyzer. To determine the poly(A) tail length, high resolution Northern blot using polyacrylamide gel (9) was performed as described below. Total RNA was resolved on a 4% polyacrylamide gel containing 8 M urea and 1 ϫ TBE (90 mM Tris base, 90 mM boric acid, and 2 mM EDTA) and electroblotted to Hybond-XL (Amersham Biosciences) in 0.25 ϫ TBE containing 0.05% SDS at 200 mA for 2 h. The hybridization step was performed as previously described (14) . All blots were standardized by the amount of total RNA.
RESULTS AND DISCUSSION
The N-domain of eRF3/Sup35 Is Not Absolutely Required for Translation Termination-Translation termination is governed by two releasing factors, eRF1 and eRF3 (15) . eRF1 recognizes all termination codons to release completed polypeptide chains from the ribosome (16), and eRF3 is essential for the GTP-dependent releasing activity (17) (18) (19) (20) . eRF3 forms a complex with eRF1 both in vivo and in vitro through their carboxyl (COOH)-terminal regions, and the interaction does not depend on their amino (NH 2 )-terminal domains (15, 21) . Accordingly, we first examined whether the N-domain of eRF3 is required for translation termination in the yeast S. cerevisiae, in which eRF3 is encoded by the SUP35 gene. For this purpose, we utilized nonsense suppression of a CAT (chloramphenicol acetyltransferase) reporter gene (Fig. 1A) in a strain sup35/ gst1-1 carrying a temperature-sensitive form of eRF3 (10) . The reporter gene was under the control of the GAL1 promoter. At a non-permissive temperature (37°C), the loss-of-function allele of the SUP35 gene led to a marked increase in CAT protein after 9-h incubation with galactose (Fig. 1A, upper panel) , showing that sup35/gst1-1 is deficient in translation termination. The read-through phenotype could be complemented when a single copy of the wild-type SUP35 was introduced in the cells. Moreover, complementation was also observed with the amino-terminally deleted form of SUP35 (SUP35⌬N). In eRF3 Mediates mRNA Deadenylation and Decaycontrast, the expression of the wild-type CAT reporter was similarly observed in these cells (Fig. 1A, lower panel) . Thus, the N-domain of Sup35 is not absolutely required for translation termination.
The N-domain of eRF3/Sup35 Interacts with Pab1-To gain insight into the role of the N-domain of eRF3, we previously screened the interacting molecules and identified PABP in mammals (21) . The interaction was also detected between the yeast counterparts Sup35 and Pab1 in accordance with a recent in vitro binding study (22) . We constructed strains where Sup35 and Pab1 were COOH-terminally tagged with Myc and HA, respectively. Myc-tagged Sup35 was detected when HAtagged Pab1 was immunoprecipitated in yeast lysates even after RNase treatment (Fig. 2A, lane 5) . Overproduction of the N-domain of Sup35 in the cells markedly decreased the immuno-precipitated amount of Sup35 (Fig. 2A, lane 6) , suggesting that Sup35 interacts with Pab1 via its N-domain. The interaction was further confirmed in in vitro experiments. Cell lysate from yeast expressing epitope-tagged Pab1 was reconstituted with GST-fused recombinant Sup35 proteins, and the GST proteins were precipitated with glutathione-Sepharose beads. The Pab1 binding was observed for both Sup35 and its N-domain (Fig. 2B, lanes 1 and 2) . These results indicate that Sup35 interacts with Pab1 via its N-domain, which is consistent with our recent results in mammalian counterparts (21) .
eRF3/Sup35 Is Required for Normal Rates of mRNA Turnover-Previous studies indicated that Pab1 regulates mRNA decay through its interaction with poly(A) tail (8, 9) . This led us to speculate that the N-domain of Sup35 is involved in the regulation of mRNA metabolism. Thus, we examined mRNA decay in the sup35/gst1-1 mutant. After a shift of the strain to a non-permissive temperature (37°C) for 1 h, transcription was then inhibited by adding thiolutin, and the mRNA-decay rate was measured by Northern blot analysis. At the non-permissive temperature, the loss-of-function allele of SUP35 led to a slower decay of PGK1 mRNA compared with the wild-type strain. The half-life (t1 ⁄2 ) of PGK1 mRNA was ϳ3 h in the sup35/gst1-1 mutant (Fig. 1B) , whereas it was 1 h in the wildtype strain (data not shown). When a single copy of SUP35 was introduced into the mutant, the slow degradation phenotype was completely returned to the level of the wild-type strain (t1 ⁄2 ϳ 1 h). In sharp contrast, the amino-terminally deleted form of SUP35 showed a reduced level of complementation (t1 ⁄2 ϳ 2 h). These results indicate that the loss-of-function allele of SUP35 inhibits mRNA degradation and that the N-domain plays an important role in the function. Since the N-domaindeleted SUP35 still shows partial complementation, we cannot totally rule out the possibility that the C-domain of Sup35 might also be involved in the regulation of mRNA decay.
To investigate the significance of the Sup35-Pab1 interaction in mRNA decay, we examined the effect of overproducing the Sup35 N-domain, since its overexpression resulted in inhibition of the interaction between Sup35 and Pab1 (see Fig. 2A ). All the mRNAs tested (PGK1, MFA2, and CYH2) were stabilized by the N-domain overexpression, i.e. mRNA decay is impaired in the transformed cells (Fig. 2C) . These results suggest the importance of the Pab1 interaction with Sup35 via its N-domain. To elucidate the direct role of the N-domain in mRNA decay, we further constructed a SUP35 disruptant carrying YCp-SUP35⌬N (sup35⌬N) for the expression of N-domain-deleted Sup35. We also constructed a wild-type control strain, which carries YCp-SUP35 for the expression of fulllength Sup35. Both genes were under the own promoter of SUP35, and the expression levels were almost the same as that of endogenous SUP35 in the wild-type strain (data not shown). The control strain expressing full-length Sup35 showed no difference in the mRNA-turnover rate from the wild-type strain (data not shown). In sharp contrast, the sup35⌬N strain showed a slower decay rate in PGK1 and MFA2 mRNAs compared with the control strain (Fig. 3A) . Thus, the deletion of the N-domain of Sup35 caused a defect in mRNA decay.
eRF3/Sup35 Functions in mRNA Deadenylation-To determine which step in mRNA decay was affected in the sup35⌬N mutant, we first examined the poly(A)-tail length of mRNA. For this purpose, small sized MFA2 mRNAs were chosen because the size difference is readily detectable. Compared with the control strain, the sup35⌬N mutant accumulated longer MFA2 transcripts at steady-state level (Fig. 3B, compare lanes  1 and 2) . Removal of poly(A) tails by treating the transcripts with RNase H and oligo(dT) exhibited the same length of MFA2 mRNAs (Fig. 3B, compare lanes 3 and 4) , indicating that the 3 and 6) . B, the N-domain of Sup35 interacts with Pab1. Lysate from a yeast expressing Myc-tagged Pab1 (lanes 1-3) was reconstituted with GST-tagged Sup35 (lane 1), its COOH terminus-deleted mutant Sup35N (lane 2), or GST alone (lane 3), and a GST pull-down assay was performed. The precipitated materials were analyzed by immunoblot for Myc-tagged Pab1 (lanes 1-3, upper panel) . Lane 4 indicates Myctagged Pab1 in the total lysate. Lower panel indicates GST-tagged proteins used in the analysis. C, overproduction of the N-domain of Sup35 stabilizes mRNAs. The decay of PGK1 (left), CYH2 (middle), and MFA2 (right) mRNAs was measured by Northern blot in wild-type strain under conditions in which the N-domain of Sup35 was overproduced (ϩSUP35N) or not (vector alone) by incubating in a medium containing 2% galactose for 6 h. The RNA synthesis was inhibited by adding thiolutin. Error bars indicate standard deviations of the mean of three independent experiments. eRF3 Mediates mRNA Deadenylation and Decaysize differences were due to the length of the poly(A) tails. The maximal poly(A) tail lengths for MFA2 mRNA were estimated to be 86 Ϯ 4 and 107 Ϯ 3 adenylate residues in the control and the sup35⌬N strain, respectively. Thus, in the sup35⌬N mutant, MFA2 mRNA was ϳ20 adenylate residues longer than that in the control strain. The same phenotypes were also observed by sup35/gst1-1 ts mutation or by overproducing the N-domain of Sup35 (Fig. 3, C and D) . Furthermore, the deadenylation process of the poly(A) tail was analyzed by a transcriptional pulse-chase method (6) . Transcription of the CAT reporter gene was rapidly induced and then repressed by the carbon source regulation of the GAL1 UAS. The metabolism of the poly(A) tail of the newly transcribed CAT mRNA was 1 and 4) , YCp-SUP35 (lanes 2 and 5) , or YCp-SUP35⌬N (lanes 3 and 6) at a non-permissive temperature (37°C). Lanes 4 -6 indicate deadenyleRF3 Mediates mRNA Deadenylation and Decaychased over time. As shown in Fig. 3E , the deadenylation rate was impaired in the sup35⌬N mutant. These results indicate that the mutant strain has a defect in the deadenylation step of mRNA decay.
eRF3/Sup35-mediated mRNA Decay Requires Proceeding of Translation-These results clearly indicate that in addition to the role of the C-domain of Sup35 in translation termination, the N-domain is involved in mRNA decay. To elucidate the interrelation between the two functions of Sup35, we examined the decay of luciferase reporter mRNA with a translationblocking secondary structure immediately upstream of the initiation codon (Fig. 4A, middle panel) . The secondary structure led to the inhibition of translation (see Supplemental Fig. S1 ). Although the normal luciferase reporter mRNA showed a slower decay rate in the sup35⌬N mutant compared with the control strain (Fig. 4B, left panel) , the modified reporter mRNA showed the same decay rate between these strains (Fig. 4B,  middle panel) , indicating that Sup35-mediated mRNA decay requires ongoing translation. To test whether the translation dependence involves ribosome transit through the termination codon, we next introduced the translation-blocking secondary structure immediately upstream of the termination codon of the reporter mRNA (Fig. 4A, right panel) . The secondary structure was confirmed to inhibit even the transition of 80S ribosome at elongation (see Supplemental Fig. S1 ). Interestingly, reporter mRNA with the secondary structure inserted upstream of the termination codon was again not stabilized in sup35⌬N (Fig. 4B, right panel) . Thus, Sup35 is strongly suggested to be involved in the translation termination-dependent mRNA decay.
Based on these results, we conclude that eRF3/Sup35 regulates mRNA deadenylation and decay in a manner dependent on translation. In our study, the eRF3-mediated mRNA decay was shown to require the ribosomal transition through termination codon. Therefore, we propose a model of "translation termination-coupled mRNA decay." In this model, translation termination triggers the decomposition of a protein complex consisting of eRF1, eRF3, PABP, and a putative deadenylase, which leads to the exposure of poly(A) and its shortening (see Fig. 4C ). Recently, we have identified Pan2 as a candidate deadenylase, which is involved in the complex (data not shown). Thus, mRNA is degraded after translation is terminated. If mRNA is degraded while translation is still in progress, deleterious truncated proteins may be synthesized. It is reasonable to assume that the termination signal triggers mRNA degradation. In relation to this, there is another example in which the translation-termination signal functions as the trigger of the mRNA degradation. The nonsense-mediated mRNA decay is a process that down-regulates aberrant gene expression by degrading mRNAs harboring premature termination codons (23, 24) . In this case, eRF3 also functions in the recognition of the termination codon. Interestingly, the mRNA-decay pathway triggered by the premature termination codon is deadenylation-independent. Thus, it will be intriguing to clarify the switching mechanism between the two different decay pathways.
